Peculiarities of the absorption and photoluminescence (PL) spectra of colloidal solution of CdSe nanoparticles have been studied in the process of size-selective photoetching. The values of homogeneous broadening and lifetime of resonantly excited exciton states in nanoparticles of definite sizes have been estimated. A model explaining the nature of Stokes shift has been suggested, which takes into account inhomogeneity of energy of the electron-hole pair in the volume of nanoparticle. The Stokes shift values have been determined for different samples. Different changes in the PL spectra observed during the process of photoetching could be caused by the influence of different initial defect structures of the samples.
Introduction
Nanoparticles in semiconductors are currently being one of the most studied subjects due to their unique physical properties which can be very different from those of the corresponding bulk materials. In spite of a large number of studies, some fundamental properties of those nanoparticles still remain to be studied in a more detail. One of the main difficulties is a problem of synthesis of nanostructures with the nanoparticles of the same sizes and structures. The best techniques elaborated up to date [1] [2] [3] [4] allow obtaining ensembles revealing the size distribution of about 10% [1] , though even such a narrow dispersion complicates much the studies of electronic processes in semiconductor nanoparticles.
Chemical techniques for the nanoparticle synthesis are easy to implement and flexible enough for the synthesis of nanoparticles with different sizes and shapes, however the size distribution of the as-grown particles is often far from desirable. The techniques usually used to improve the size distribution, such as a liquid-phase chromatography, a size-selective precipitation and some others, are based on the same idea, namely a separation of the particles of specified sizes from a broad as-grown ensemble. These methods enable one to improve the size distribution down to 5% [1] . Nonetheless, their characteristic feature is a small yield of the particles of necessary size.
A technique of size-selective photochemical etching is considered as promising for the preparation of desired amount of nanoparticles of specified sizes. Here the idea is to decrease the size of bigger particles in the ensemble to that of the smallest ones, thus preserving a total number of the particles. A high photosensitivity of colloidal solutions has been known long time ago, though the first comprehensive study of chemistry of the etching process and its possible applications for controlled decrease of the size of semiconductor nanoparticles has been presented only in the work [5] . Later on, several groups of researchers have demonstrated that it is possible not only to decrease the particle sizes but to obtain narrower size distributions for CdS [6, 7] and some other semiconductors [8, 9] .
Application of the size-selective photoetching allows both producing nanoparticles and studying their fundamental properties [10] . It helps to resolve the excited states of electron-hole pairs in the nanoparticles and estimate a homogeneous broadening of the exciton absorption peak and Stockes shift of exciton transition. The nature of the Stokes shift for the semiconductor nanoparticles in the strong confinement limit still lacks unambiguous explanations. The most appropriate model has been proposed in the work [11] . The Stokes shift is determined as splitting between the lowest optically active bright exciton state and the optically passive dark exciton ground state. This distance increases with decreasing particle size and ranges from ~ 20 meV for small crystals to ~ 2 meV for large ones. The photoetching increases the quantum yield of photoluminescence (PL) via increasing charge carrier lifetime in the nanoparticles.
In the present paper we study the peculiarities of changes in the absorption and the PL spectra of colloidal solution of the CdSe nanoparticles occurring under irradiation with argon ion laser in the process of size-selective photoetching.
Experimental
CdSe nanoparticles were prepared by a wet chemical method in reverse micelles put in toluene [12, 13] following injection of toluene. Once the toluene is added to this solution, the micelles move up into the toluene and transform into reverse micelles, in which nucleation and further growth of nanoparticles takes place at the temperatures higher than 45˚C. Growth of the particle ends as soon as heating is switched off. In this paper we present the data for the samples of the two types which have been prepared with a wet chemical method and demonstrate different types of behaviour of the PL spectra in the process of selective photoetching.
Optical measurements were performed at a room temperature using a setup based on MDR-3 monochromator. Colloidal solution of the CdSe nanoparticles was placed into a quartz cylinder cell with the diameter of 10 mm. The absorption spectra were obtained relative to the pure toluene. The PL spectra were measured at a 90°-geometry, using a nitrogen laser excitation (the light wavelength of  = 337.1 nm, the repetition rate 50 Hz, and the average power 3 mW). During the etching, the samples were irradiated with an argon ion laser ( = 488 nm).
The absorption and PL spectra of the initial colloidal solution of CdSe nanoparticles were measured prior to the etching. Then the solution was irradiated during 15-60 s, and the absorption and PL spectra were recorded again. The procedure was repeated up to 10 times. The total etching time for each sample was equal to 15-20 min.
A dependence of the energy of electron transition between quantised levels of the valance and conduction bands upon the particle size was used for estimation of the average particle size. The existing theoretical models, such as an effective-mass approximation and tight-binding calculations, predict the corresponding values which agree quite well with the experimental data for the nanoparticle sizes of about 2 nm. However, these approximations are very time-consuming and provide a limited precision. Moreover, the theoretical results start to deviate notably from the experimental values for the particle sizes less than 2 nm. That is why we have used a simple empirical relation between the diameter of CdSe nanoparticles and the exciton peak position [13] :
Dispersion of the nanoparticle sizes ∆d/d in the ensemble can be estimated issuing from the full width at half maximum (FWHM) of the absorption peak, which includes both homogeneous and inhomogeneous broadening. The homogeneous broadening could be determined from the photoetching experiments themselves (see a detailed explanation below). The inhomogeneous broadening is mainly caused by a size distribution of the nanoparticles in solution. The dispersion of nanoparticle sizes ∆d in the ensemble is calculated as a difference between the FWHM of the absorption peak and the homogeneous broadening.
Results and discussion
In our photoetching experiments colloidal solutions of the CdSe nanoparticles have been investigated, with the average size of 1.6-1.8 nm and the size distribution of 29-31%. After the photoetching procedure, the size distribution has been improved to 7-13%. As the saturation has not been reached, still narrower size distributions could be obtained under further photoetching. However, since in this work we consider the effects which become apparent at the initial stage of the photoetching process, we have not planned to achieve the highest possible improvement of the size distribution. Fig. 1 and Fig. 2 show respectively the absorption spectra obtained for the colloidal solutions of CdSe nanoparticles of the types 1 and 2. In the absorption spectrum for the sample of the type 1 (see Fig. 1, curve a) we observe a peak with a maximum located at 450 nm, which corresponds to the particles with the average size of 1.6 nm. The size distribution in the initial sample is equal to 31% and decreases to 13% after irradiation during 15 min. A peak with a maximum at 464 nm revealed in the absorption spectrum for the sample of the type 2 (Fig. 2, curve a) corresponds to the nanoparticles having the average size of 1.8 nm. In this case the size distribution also decreases from 29% to 7% after irradiation during 15 min. A dip on the differential spectral curves is observed in the region of photoetching (see Fig. 1 and Fig. 2, curves d and e) . The half-width of that dip at the initial etching stage is determined by a homogeneous broadening, similar to the experiments on "hole burning" [14] . This gives a possibility to evaluate a lifetime τ = h/ΔE of the electron-hole pair obtained due to absorption of a light quantum [10] . This is the lifetime of resonantly excited electron-hole pair in the state, in which the absorption directly occurs. Such a parameter may also be called as a coherence conservation time. This lifetime is determined by relaxation of the electron-hole pair to a lower energy due to interaction with phonons and, as a result, a loss of coherence. The homogeneous broadening is 30 nm (15.7 meV) for the CdSe nanoparticles of the type 1 and so the lifetime is of the order of 39 fs, whereas for the CdSe nanoparticles of the type 2 we have the following values: 25 nm (13.0 meV) and 30 fs. At the initial etching stage (less than 1 minute) the dip minimum corresponds to the wavelength of 488 nm used for the etching. Therefore only the particles, of which transition energy is equal to that of the laser emission quantum, take part in the process at the beginning of the experiment. Hence, due to the resonant absorption occurring at the initial stage of irradiation, the etching process takes place mainly in the resonantly excited particles. Under further etching, when a contribution of the nonresonant absorption sufficiently grows, the dip minimum shifts towards shorter wavelengths. It is clearly seen from the inserts of Fig. 1 and Fig. 2 . In our opinion, this shift can indicate the etching of nanoparticles of some other size, for which the transition energy is out of resonance with the energy of line used for the etching. The nonresonant absorption of light by those nanoparticles involves phonons or defect states.
The PL spectra of the colloidal solutions of CdSe nanoparticles of the types 1 and 2 are shown in Fig. 3 and Fig. 4 , respectively. As seen from Fig. 3 , a single peak with a maximum located at 490 nm is revealed in the initial spectrum. This band shifts towards shorter wavelengths and reduces in intensity in the etching process. A dip with a minimum located at 500 nm is observed on the differential curves. The Stokes shift, being equal to 12 nm, is estimated as a difference of this dip and the laser line.
Unlike to explanation of the Stokes shift mentioned above [11] , we suggest a simpler model, which does not require involving of a concept of dark exciton. It takes into account inhomogeneity of the energy of electron-hole pair in the volume of the nanoparticle. In frame of this model, the nature of the Stokes shift is associated with vibrational relaxation of nonequilibrium confined excitons. When the exciton is created at the peripheral part of the nanoparticle, a further relaxation to the lowest energy state, where the electron is spread within the particle volume and the hole is localised at its centre, occurs via interaction with acoustical and optical phonons. The exciton energy loss, due to movement of the hole to the centre of the particle, corresponds to the Stokes shift value observed in the experiment. Notice that our model also allows one to explain the existence of periodic structure in the resonant low-temperature PL [15] .
The PL spectrum for the sample 2 consists of two broad overlapping bands, with the maxima at 440 and 500 nm (see Fig. 4 ). It is seen from the comparison of absorption and PL spectra that the band with the maximum located at 500 nm corresponds to a band edge luminescence of the nanoparticles with the average size of 1.8 nm, while in the absorption spectrum the particles of the size mentioned above determine the peak with the maximum at 464 nm. The peak with the maximum at 440 nm corresponds to nanoparticles of smaller size which are also present in the colloidal solutions of CdSe nanoparticles of the type 2. However, we observe no separate peak in the absorption spectrum which could be caused by these nanoparticles.
For the sample of type 2 one can see specific behaviour of the differential spectra of a type of "rosette", with the inflection point located in the range of 495 nm, in contrast to the sample of type 1 where a single dip is observed on the differential curves. The width of the "rosette" increases in the process of photoetching. Some peaks in high-energy range of the differential curves could correspond to the excited states of the electron-hole pair, though this fact requires more detailed studies. The Stokes shift for this sample is equal to 7 nm. It is evaluated as a difference between the laser line and the inflection point of the "rosette" which virtually does not change its position in the photoetching process, unlike the minimum which shifts to a low-energy side.
In our opinion, different changes observed in the PL spectra of CdSe nanoparticles should be apparently caused by different initial defect structures of different samples. For instance, the photoetching has no effect on the bulk defects which could prevail in the sample of the type 1. As a consequence, one can see a dip on the differential curves located in the region of the wavelength used for the etching. On the other hand, the surface defects are very likely to become dominant in the sample of the type 2. Their quantity is then reduced owing to the photoetching. A decrease in the quantity of channels open for nonradiative recombination becomes apparent not only as a dip in the differential spectra but also as an increase observed in the PL.
Conclusions
In the present paper we have studied the peculiarities of transformations in the absorption and PL spectra of colloidal solutions of the CdSe nanoparticles occurred in the process of size-selective photoetching. The values of the homogeneous broadening and the lifetime of resonantly excited exciton states in the nanoparticles of specific sizes have been estimated. The homogeneous broadening is about 30 nm (15.7 meV) for the CdSe sample of the type 1 and the lifetime is approximately equal to 39 fs. The same parameters for the sample of the type 2 are 25 nm (13.0 meV) and 30 fs.
The Stokes shift is determined to be 7 and 12 nm (3.6 and 6.2 meV) for different samples. The model explaining the nature of that Stokes shift has been suggested. The inhomogeneity of energy of the electron-hole pair in the volume of the nanoparticles has been taken into consideration.
The PL spectra for the types of samples under studies demonstrate two essentially different behaviours. The changes in the PL spectra observed during the process of photoetching could be caused by the influence of different initial defect structures of the samples, namely the presence of bulk or surface defects.
